Papillary thyroid carcinoma (PTC) is a heterogeneous tumor with various histological and molecular subtypes. EHD2 is involved in endocytosis and endosomal recycling. This study aimed to investigate the prognostic significance of EHD2 expression in PTC and develop a new model for predicting persistent/recurrent disease after thyroidectomy. Pathologic slides of 512 consecutive patients with PTC ! 1 cm were retrospectively reviewed. BRAF mutation analysis and immunohistochemistry for EHD2 were performed. Clinical significance of EHD2 mRNA expression was analyzed in 388 PTC patients using The Cancer Genome Atlas dataset. The presence of dyscohesive cells and psammoma bodies were found have significant association with persistent/recurrent disease (p = 0.049 and p = 0.038, respectively). The best discrimination of disease-free survival was found by dividing patients into three prognostic groups based on the following two risk factors according to the size category: psammoma bodies ! 4 and dyscohesive cells (! 1% and ! 20% in PTCs of < 2.0 cm and ! 2.0 cm, respectively). In PTCs of ! 2.0 cm, patients with the two risk factors had a hazard ratio of 13.303 (p = 0.005) compared to those without risk factors. High expression level of EHD2 was associated with BRAF V600E (p < 0.001), presence of dyscohesive cells (p = 0.010), and absence of psammoma bodies (p = 0.001). Increased EHD2 mRNA expression level was associated with extrathyroidal extension (p < 0.001), pT3-4 (p < 0.001), lymph node metastasis (p < 0.001), higher risk of recurrence (p < 0.001), and BRAF V600E (p < 0.001). Our prognostic model is useful for predicting persistent/recurrent disease after surgery of PTC. EHD2 mRNA expression could be a novel prognostic marker for PTC patients.
Introduction disease [5] . Structural disease was defined as histology/cytology proven or highly suspicious lesion on imaging studies [5] . Follow-up time was defined as the time period from the primary surgery to the appearance of persistent/recurrent disease, the last clinic visit, or the time when patients were lost to follow-up. Patients were followed every1-6 months during the first year and then every 6-12 months thereafter. No deaths occurred during the follow-up period. The median follow-up time for all patients was 70 months.
Histologic evaluation
All pathology slides were reviewed and classified by an endocrine pathologist (CKJ) without clinical information. PTC variants were determined following diagnostic criteria of the World Health Organization [22] . The largest tumor was considered as the primary lesion in cases of multiple tumor foci with different sizes. We excluded papillary microcarcinomas less than or equal to 1 cm because of their excellent prognosis, noninvasive encapsulated follicular variant (now renamed as NIFTP), and any cases with tumor necrosis or marked mitotic activity (! 3 mitoses/ 10 high power field). Dyscohesive cells were defined as tumor cells arranged individually, in small loose clusters, or micropapillary structures without a fibrovascular core (Fig 1) . Dyscohesive cells were examined at the tumor periphery and the invasive front of the PTC. The degree of dyscohesive cells was semi-quantitatively graded into four grades based on the proportion of the tumor periphery and invasive front occupied by dyscohesive tumor cells: absent, 1%-10%, 11%-19%, and ! 20%. We counted the total number of psammoma bodies through all sections of the entire tumor tissue. Psammoma body was classified into three groups (0, 1-3, and ! 4) based on the number of psammoma bodies found in the entire tumor tissue. TNM staging was performed according to the American Joint Committee's Cancer staging manual 7th edition.
Tissue microarray construction
Tissue microarrays were constructed from paraffin tissue blocks as previously described [23, 24] . A single 2.0 mm-diameter tissue core was punched out from each representative tumor specimen and arrayed into a recipient block using manual microarrayer (Quick-Ray set, Unitma, Seoul, Korea). Tissue microarray blocks were cut into 4-μm-thick sections and used for immunohistochemical staining
Immunohistochemistry
Tissue sections were deparaffinized with xylene three times for 10 minutes and rehydrated using 100%, 95%, and 70% of graded ethanol for 5 minutes each after incubation in an oven at 60˚C for 1 h. Antigen retrieval was carried out in a pressure cooker (Electric Pressure Cooker CPC-600, Cuisinart, East Windsor, NJ, USA) for 20 minutes using 1x citrate buffer (pH 6.0). The endogenous peroxide activity was blocked by methanol-diluted 3% hydrogen peroxide for 15 minutes. Sections were incubated with primary rabbit polyclonal antibody for EHD2 (diluted 1:400, NBP2-33283, Novus Biologicals, Littleton, CO, USA) for 30 minutes at room temperature in a humidified chamber. The signal of immunoreaction was amplified and revealed using Polink-2 plus HRP Rabbit DAB kit (GBI, Mukilteo, WA, USA). Subsequently, these slides were counterstained with Harris's hematoxylin. Vascular endothelial cells were used as internal positive controls.
Immunostaining evaluation
EHD2 immunostaining was independently assessed by two investigators (YK, CKJ) in a blinded manner. Digital image analysis was performed for 26 representative cases using Caseviewer 2.0 and QuantCenter 2.0 (3DHistech Ltd. Budapest, Hungary) to make a digital image training set for reliability of immunostaining evaluation. The training step was performed using digital image training set with known percentage and staining intensity of EHD2 immunostained tumor cells to increase the accuracy of manual scoring method for EHD2 immunostaining analysis (S1 Fig). After that, scores of immunostaining were recorded based on staining intensity (0, no staining; 1, weak staining; 2, moderate staining; 3, strong staining) and the percentage of stained tumor cells (1, 0-5%; 2, 6-10%; 3, 11-25%; 4, 26-50%; 5, 51-75%; 6, 76-90%; 7, 91-100%). A semi-quantitative score ranging from 0 to 21 was obtained by multiplying the intensity score by the percentage score. The semi-quantitative scores and digital image analysis H-score were comparable (S1 Fig). Median semi-quantitative score was 5. An immunostaining score of > 5 was defined as high EHD2 expression and a score of 5 was considered as low expression. A consensus was reached when there was discrepancy between observers.
BRAF mutational analysis
Total DNA was extracted from 10μm thick paraffin-embedded tissue sections using RecoverAll™ Total Nucleic Acid Isolation Kit (Life Technologies, Carlsbad, CA, USA) in accordance with the manufacturer's instructions. PCR reaction was carried out with the following condition: 1 cycle of 3 min at 95˚C for denaturation, 35 cycles of 30s at 94˚C, 30s at 55˚C, and 30s at 72˚C for amplification, followed by 1 cycle of 7 min at 72˚C for final elongation. The following PCR primers were used to amplify exon 15 of the BRAF gene: forward, 5 0 -TCATAATGCTTGC TCTGATAGGA-3 0 and reverse, 5 0 -GGCCAAAAATTTAATCAGTGGA-3 0 . PCR products were purified using QIAquick PCR purification kit (Qiagen, Hilden, Germany) and sequenced by Sanger sequencing using the same primers and BigDye Terminator sequencing kit (Applied Biosystems, Carlsbad, CA, USA) on a 3730xl DNA analyzer (Applied Biosystems) as previously described [25] .
The Cancer Genome Atlas data analysis
Level 3 normalized EHD2 mRNA expression data in published The Cancer Genome Atlas (TCGA) dataset for PTC patients (Cell 2014, [26] ) were downloaded from cBioPortal website (http://www.cbioportal.org). Clinical data for each TCGA sample were obtained from the supplementary data of the article [26] . EHD2 mRNA expression data were available for 388 PTCs (S1 Table) . TCGA authors developed a BRAF V600E -RAS score ranging from -1 to +1 based on mRNA expression signatures of the 71 genes. PTCs with score -1 to 0 were defined BRAF V600E -like (more akin to PTC with BRAF V600E ) and PTCs with score 0 to +1 were defined RAS-like (more akin to PTC with RAS mutation). Thyroid differentiation score was developed based on mRNA expression levels of 16 thyroid metabolism and function genes. ERK score was derived from a 52-gene signature to assess the ERK activation level. More details are available in the TCGA paper [26] .
Statistical analysis
The relationship between clinicopathologic features and EHD2 protein expression was analyzed using chi-square test, or Fisher's exact test, and non-parametric Mann-Whitney U test where appropriate. The association between mRNA expression level and clinicopathologic features examined in the TCGA data set was determined by two-sided nonparametric KruskalWallis test. Spearman's rank-based correlation coefficient was used to estimate the association between two continuous variables. Univariate binomial logistic regression analysis of variables was performed to determine whether clinicopathologic variables were significantly associated with tumor recurrence. Survival curves were plotted using Kaplan-Meier method. Statistical differences between survival curves were calculated using log-rank test. 
Results

Clinicopathologic characteristics
Baseline characteristics of patients are summarized in Table 1 
Clinicopathologic significance of dyscohesive cells and psammoma bodies
Dyscohesive cells were found in 349 (68.2%) of 512 PTCs (0% group, n = 163; 1%-10% group, n = 159; 11%-19% group, n = 113; ! 20% group, n = 8). Psammoma bodies were found in 214 (41.8%) of 512 PTCs (0 group, n = 298; 1-3 group, n = 135; ! 4 group, n = 79). Presence of dyscohesive cells was significantly correlated with younger age (p = 0.007), extrathyroidal extension (p < 0.001), advanced pT stage (p < 0.001), and lymph node metastasis (p < 0.001) (Fig 2) . Presence of psammoma bodies was significantly associated with younger age (p < 0.001), lymph node metastasis (p < 0.001), BRAF V600E mutation (p = 0.001), and persistent/recurrent disease (p = 0.030) (Fig 3) .
Risk factors for persistent/recurrent disease
Of 512 patients, 36 (7.0%) had recurrent or persistent disease after primary treatment during the follow-up period (Table 1) . Age-and sex-adjusted binomial logistic regression analysis showed that persistent/recurrent disease was significantly related with aggressive histologic variants (tall cell variant and hobnail variant) (p = 0.048), pT3-4 stage (p = 0.019), lymph node metastasis (p = 0.030), presence of dyscohesive cells (p = 0.049), and ! 4 psammoma bodies (p = 0.038) ( Table 2) . These results were similar to those obtained from 451 classic PTCs (Table 2) .
Risk factors for disease-free survival
Results of univariate survival analysis are shown in Table 3 . Overall disease-free survival was significantly associated with aggressive histologic variants (p = 0.048), pT3-4 stage (p = 0.027), lymph node metastasis (p < 0.001), presence of dyscohesive cells (p = 0.031, Fig 4A) , and presence of psammoma bodies (p = 0.022, Fig 4B) . The cutoff values of dyscohesive cells and psammoma body were the most effective for predicting disease-free survival when they were ! 1% and ! 4, respectively. Patients were divided into three subgroups based on the number of the two risk factors (dyscohesive cells and psammoma body): 1) patients with 0 risk factors (n = 149); 2) patients with 1 risk factor (n = 298); 3) patients with 2 risk factors (n = 65). The five year disease-free survival for the three subgroups were 97.3% (0 risk factors), 94.3% (1 risk factor), and 87.7% (2 risk factors) (p = 0.011, Fig 4C) . Patients with 2 risk factors had worse disease-free survival rate than those with 0 risk factors (p = 0.004, Fig 4C) . Disease-free survival rates according to tumor size category
Because dyscohesive cells were more frequently found in tumors ! 2.0 cm than in tumors less than 2.0 cm (p = 0.001), the patient cohort was further subdivided into two groups according to tumor size: patients with PTC between 1.0 cm and 2.0 cm (n = 402) and patients with PTC ! 2.0 cm (n = 110). When considering tumors between 1.0 cm and 2.0 cm according to dyscohesive cells (0% vs ! 1%) and psammoma body ( 3 vs. ! 4), univariate analysis showed that disease-free survival was significantly different among the three subgroups based on the number of two risk factors (p = 0.041, Fig 5A) . On multivariate analysis, the risk factors lost their independent prognostic significance (Table 4) .
In the subgroup with tumor ! 2.0 cm, the persistent/recurrent disease was more accurately predicted when the cutoff of dyscohesive cells was set at 20%. On univariate survival analysis, disease-free survival was significantly different among three subgroups classified by the two risk factors (dyscohesive cells ! 20% and psammoma body ! 4) (p = 0.032, Fig 5B) . On multivariate analysis, patients with both risk factors had an adjusted hazard ratio of 13.303 (95% confidence interval: 2.175-81.357, p = 0.005) compared to those without risk factors (Table 4) .
Clinicopathologic significance of EHD2 protein expression
Immunostaining showed that EHD2 had a cytoplasmic and membranous staining pattern in tumor cells (Fig 6) . Normal follicular cells adjacent to tumors did not express EHD2. Semiquantitative expression score of EHD2 immunostaining was positively correlated with the grade of dyscohesive cells (Fig 7A) . However, it was negatively correlated with the number of psammoma bodies (Fig 7B) . High expression of EHD2 was significantly associated with BRAF V600E mutation, but not with other clinicopathologic features in all PTCs (Table 5) . These results were similar to those obtained from classic PTCs (S2 Table) .
Clinicopathologic significance of EHD2 mRNA expression in TCGA dataset
Genetic alteration of EHD2 was not found in the TCGA dataset except for one case with amplification. The expression levels of EHD2 mRNA from the TCGA data were correlated with clinicopathologic parameters (Fig 8) . In terms of a histologic subtype, EHD2 mRNA expression levels were the highest in tall cell variant, followed by classic and follicular variant (p < 0.001). Increased EHD2 mRNA expression was significantly associated with extrathyroidal extension (p < 0.001), pT3-4 (p < 0.001), lymph node metastasis (p < 0.001), higher risk of recurrence (p < 0.001), BRAF V600E (p < 0.001), and BRAF
V600E
-like PTC (p < 0.001). The expression level of EHD2 mRNA showed negative correlation with thyroid differentiation score (p < 0.001) and positive correlation with ERK score (p < 0.001).
Discussion
In this study, the prognostic implication of dyscohesive cells and psammoma bodies were investigated in PTC patients. The two risk factors were associated with adverse clinicopathologic parameters. They played a role in predicting persistent/recurrent disease in patients following surgical resection of PTC. Development of dyscohesive cells and psammoma bodies was associated with expression of EHD2 protein.
This study showed that dyscohesive cells in the tumor periphery and invasive front of PTC were more frequently found in tumors ! 2.0 cm. In addition, modified cut-off values for dyscohesive cells resulted in better prediction of persistent/recurrent disease. Most studies about dyscohesive cells have been performed using larger PTCs (median >2 cm) [10, 12, 13] compared to the one used in the present study. Previous studies have applied a cut-off value of 20% for the interpretation of PTC with dyscohesive cells and showed that PTC patients with dyscohesive cells have worse disease-free survival and more frequent lymph node metastasis compared to those without dyscohesive cells [10, 12, 13] . These results are similar to those obtained in the present study using PTCs ! 2.0 cm. However, in patients with PTC < 2.0 cm, modified cut-off value of ! 1% was more reliable for predicting of lymph node metastasis and clinical outcome than cut-off value of 20%.
Psammoma bodies are predominantly found in the cores of papillae or stromal tissue in PTC as dystrophic calcification formed by tumor cell death [27] . However, psammoma bodies are not just dystrophic calcification occurring in areas of cell death. These structures may represent a biologically active process consisting of production of collagen and membrane bound vesicles by tumor cells and subsequent calcification [27] . Bai et al have reported that psammoma bodies are more frequently found in PTCs with stromal calcification [28] . They are associated with worse disease-free survival and lymph node metastasis whereas stromal calcification had no prognostic significance [28] . In the present study, psammoma bodies were present in 41.8% of all PTC cases. They were also associated with poorer disease-free survival in a dose-dependent manner. When PTC patients were subcategorized into three groups according to the number of psammoma bodies found within tumor areas, a subgroup with ! 4 psammoma bodies had the worst prognosis. Our risk stratification model for predicting disease-free survival used different cut-off values of dyscohesive cells according to tumor size category. The best discrimination of diseasefree survival was found by dividing patients into three prognostic groups based on two risk factors: psammoma bodies ! 4 and dyscohesive cells (! 1% for PTCs < 2.0 cm and ! 20% for PTCs ! 2.0 cm). The risk stratification model was the most useful for prediction of patients with high risk of persistent/recurrent disease in subgroup of PTCs ! 2.0 cm. Nevertheless, the major limitation of this study is that multivariate analyses of risk factors (dyscohesive cells and psammoma bodies) were only significant in subgroup analyses. Although subgroup analyses based on previous studies were performed to minimize the potential heterogeneity of tumor sizes, subgroup analyses are prone to possible false-positive or false-negative error. Another limitation of this study is a single-center, retrospective design. Additional confirmatory studies should be performed to validate the prognostic value of risk factors in PTC patients.
EHD2 regulates mobility of caveolae and controls Rac1 and actin cyctoskeleton [16] . Deregulation of cell motility is one of the hallmark events during cancer cell invasion and metastasis. The occurrence of dyscohesive cells in the invasive front of PTC has been considered as an EMT phenomenon [12, 13] . EMT results in modification of cell signaling pathways, which in turn can increase the motility of individual cells, making cells invasive [29] . In the present study, EHD2 protein expression score was gradually increased when the number of dyscohesive cells was increased. High numbers of dyscohesive cells was correlated with advanced pT, pN stages, presence of extrathyroidal extension, and younger age. We further repeated EHD2 immunostaining on whole tissue sections to investigate whether dyscohesive cells in the tumor In the TCGA dataset, the expression of EHD2 mRNA was positively correlated with more aggressive variant, extrathyroidal extension, advanced pT and pN1 stages, higher risk of recurrence, and BRAF V600E mutation. According to TCGA results, thyroid differentiation score was significantly correlated with whether PTCs were BRAF V600E driven or RAS driven [26] . BRAF V600E mutation mostly occurs in tall cell variant and classic variant of PTC, whereas RAS mutation is mostly seen in follicular variant of PTC [2, 30] . This is in line with the results of this study in which EHD2 mRNA expression levels are significantly high in BRAF
V600E
-like tumors and positively correlated with ERK activation level (ERK score), but negatively correlated with thyroid differentiation score (the expression levels of 16 thyroid metabolism and function gene). These results suggest that overexpression of EHD2 in tumor cells is associated with the occurrence of dyscohesive cells in the tumor periphery and invasive front of PTC with roles in tumor progression through activating MAPK signaling pathway.
The role of EHD2 expression may have different implications in different types of tumor. Under-expression of EHD2 mRNA and EHD2 protein has been observed in different cancers, including esophageal squamous cells carcinoma, breast cancer, glioma, and serous ovarian cancers compared to normal tissue samples [18] [19] [20] [21] . In these cancers, EHD2 gene has been suggested to be a tumor suppressor gene involved in carcinogenesis, tumor cell migration and invasion [18, 19] . Low expression of EHD2 has been associated with poor overall survival of esophageal cancer and breast cancer patients [18, 19] . In PTC, this is the first study to demonstrate negative EHD2 immunostaining in normal thyroid tissue and overexpression of EHD2 mRNA associated with poor prognostic clinicopathologic parameters. The conflicting results between this study and previous studies indicate that further studies are warranted to determine the role of EHD2 in the tumorigenesis of human cancers.
In conclusion, histological parameters of dyscohesive cells and psammoma bodies may be potentially valuable prognostic factors to predict the clinical outcome of PTC patients after thyroidectomy. EHD2 protein expression is associated with the two risk factors. EHD2 mRNA expression could be used as a novel prognostic marker for PTC patients. Although our risk stratification model was useful for prediction of patients with high risk of persistent/recurrent disease in the multivariate subgroup analysis, further studies are warranted to replicate and extend these findings. showed that the EHD2 mRNA expression was associated with histologic subtypes (A), extrathyroidal extension (B), pT stage (C), lymph node metastasis (D), risk of recurrence (E), and molecular subtype (F). EDH2 mRNA expression level was negatively correlated with thyroid differentiation score (G) but positively correlated with ERK score (H).
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